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Abstract 
There is considerable investigation into the applications of carbon nanotubes because of their valuable properties. In this study, 
we succeeded in poly-carboxylation of multi-walled carbon nanotubes (CNTs) tethered to a glass substrate through covalent 
bonding. By causing a carboxylation reaction using a peroxide derivative, we were able to observe many carboxyl groups on the 
surfaces of CNTs. We characterized the obtained CNTs derivatives using Infrared and Raman spectroscopy. The CNTs reacted 
directly with glass substrates that presented amino groups, and the tethered CNTs were not removed from the substrate by 
sonication, suggesting the formation of a strong bond between the CNTs and substrate. Nanostructures in the shape of curled 
individual strings were observed using a scanning electron microscope and an atomic force microscope. The transparency of 
substrates was more than 97% in visible regions. 
© 2010 Published by Elsevier B.V. 
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1. Introduction  
Carbon nanotubes (CNTs) have received much attention because of their unique physical properties and the 
variety of their applications in the electronic, mechanical and biologic fields. In particular, many applications in the 
nanotechnology field have been developed in recent years [1-4]. For the fabrication of CNT-based electronic 
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materials, several procedures for producing materials that contain CNTs have been reported. Some researchers 
investigated CNT growth on metal or glass substrate surface by chemical vapour deposition methods [5] or several 
CNT / polymer composite materials [6]. Britto et al. mixed CNTs with a desirable binder to make a paste and then 
formed CNTs-containing materials [7]. Barisci et al. reported that a glassy solution of dispersed CNTs was poured 
onto a membrane and then simply vacuum filtrated [8]. Luo et al. reported that the dispersion of CNT functionalized 
with carboxylic group repeatedly dropped on the glassy carbon electrode then obtained a CNT thin film on the 
electrode [9]. Fugetsu et al. reported that a suspension of CNTs was repeatedly dropped onto a substrate and then 
dried at room temperature [10].  Yu et al. reported that a cationic polymer-coated poly (ethylene terephthalate) 
substrate was immersed into acid-treated CNTs dispersion as layer-by-layer nanoassembly modification [11]. In 
previous studies, we coated several substrates with CNTs, including cell culture dishes (polystyrene) [12], collagen 
[13], titanium [14] and silicone rubber [15]. However, in these procedures, the binding between CNTs and each 
substrate was a physical interaction rather than a chemical covalent bonding. Generally, the binding force of a 
physical interaction is lower than that of chemical bonding such as covalent bond. For example, the CNT-coated 
dishes described above were transparent, and the CNTs coat in each case could withstand a scotch-tape test. 
However, with higher external interactions, such as ultra-sonication, the CNTs could easily be removed from the 
substrates. The formation of a chemical bond is a simple and powerful way to realize stronger binding between 
CNTs and substrates. In this study, we designed poly-carboxylated-CNTs in which we hoped the carboxyl groups 
would improve the solubility of CNTs in response to several solvents and act as a reactive site to form chemical 
bonding with the surface of a substrate. The obtained CNTs derivatives then reacted to amino groups presented on 
the glass surface. The morphology and transparency of CNTs tethered to the glass were also observed. 
2. Experimental procedure 
Multi-walled CNTs used in this study were obtained from NanoLab (Brighton, MA, USA). 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) was purchased from Sigma-Aldrich (St. Louis, MO, USA). The CNTs 
were heated at 500 oC and washed with HCl for purification. To prepare a water-soluble carbon nanotube, we 
submitted the CNTs to a poly-carboxylation reaction [16]. The CNTs were dispersed in o-dichlorobenzene with 
sonication, and then succinic acid peroxide [17] was add to the solution and the reaction mixtures were stirred at 80
oC. When the reaction was finished, the products were washed with tetrahydroxyfuran followed by ethanol, filtered 
and then dried in vacuo. The details are described in Ref. [16, 18]. To identify the polycarboxylation reaction 
processing, we measured the infrared spectra of the product with a Fourier-transform Infrared (FT/IR-410, JASCO, 
Japan) and a Raman spectrometer (inVia Reflex, Renishaw, U.K.). The obtained poly-carboxylated CNTs were 
dispersed into anhydrous benzene. By an amidation reaction, the modified CNTs were tethered to the glass substrate 
the surface of which presented amino groups (S9441, Matsunami Glass, Japan). After the reaction, the glass 
substrate was washed with tetrahydrofuran in sonication. The transparency of the obtained substrate was determined 
with a UV-vis spectrometer (U-3010, Hitachi, Japan). The morphology was observed using a scanning electron 
microscope (SEM: S-4000, Hitachi, Japan) and an atomic force microscope (AFM: Nanoscope IIIa, Digital 
Instruments, U.S.A.) [19]. The amount of presented carboxyl groups was estimated by titration with NaOH solution 
[16]. 
3. Results and discussion 
According to Scheme 1, a black precipitate (poly-carboxylated CNTs: CNT-(CH2CH2COOH)n) was obtained. 
Hereafter, the product is denoted as CNT-COOH. The modification of the surface of CNTs was characterized 
by FT-IR and Raman spectroscopy, and the results are shown in Figure 1. The IR peaks in the 2800-3000 cm-1 and 
3100-3600 cm-1 regions are characteristic of C-H and acid O-H stretches, respectively. The dominant peaks at 1719 
cm-1 and 1169 cm-1 can be clearly assigned to the acid carbonyl and C-O stretching mode, respectively. In addition, 
the relative intensity of the Raman peak of the D-band increased after carboxylation. The intensity reached almost 
the same value as that of the G-band. Though the D-band was due to the sp3 states of carbon coming from a lattice 
defect or chemical bonding to other atoms such as hydrogen atoms, the behavior would reflect the chemical reaction 
of the CNTs’ surfaces. To estimate the ratio of carboxylation modification, we carried out neutralization titration,  
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which showed that ca. 5 wt% of –COOH was induced on the surfaces of CNTs by the poly-carboxylation reaction 
[16, 18]. 
As CNTs have electrical conductivity, researchers expect to develop novel conductive materials by fixation of the 
CNTs on various substrates. To achieve this, the carboxyl group of CNT-COOH will act as a reactive site for 
chemical bonding formation with substrate. In this study, we carried out a covalent bonding between CNT- COOH 
and amine groups presented on a glass substrate (as shown in Scheme 2). The substrate with amino groups was 
soaked in a CNT-COOH dispersion solution with a catalytic amount of EDC, and then the solution was stirred for 
24 hours at room temperature. EDC is a typical catalyst of dehydration condensation such as amide or ester 
formation and applied for not only liquid-liquid but liquid-solid state reaction. As shown in Figure 2, the surface of 
the substrate changed to black with transparency. After the reaction, the substrate was sonicated in tetrahydrofurane. 
Even after 30 min. of ultra-sonication, the black precipitant remained on the surface and was not dispersed to the 
supernatant. Therefore, the CNTs were considered to be strongly bound to the substrate.  
 We observed the surface of the obtained substrate by SEM. Even after ultra-sonication, many string-like carbon 
nanotubes were entwined with each other, forming a three-dimensional network nano-structure consisting of random, 
overlapped carbon nanotubes (as shown in Figure 3). The length of CNTs ranged from 1.0 to 3.0 Pm, and the 
diameter was about 30 nm. A typical AFM image of the CNT scaffolds is also shown in Figure 3. Nanostructures in 
the shape of curled individual strings were observed. The CNTs were twisted in three dimensions and then formed a 
network reticulation structure of about 80 nm in height. These results were in good agreement with the SEM 
observation described above. We also observed the distribution of CNT on the surface using a Raman microscopy. 
As shown in Figure 4, CNTs covered on the surface homogeneously. 
Although the surface was covered by CNTs, the material remained transparent (as shown in Figure 2). To 
determine the transparency, we measured UV-vis. absorption spectrum of the CNT-tethered substrate (Figure 5). In  
Scheme 1.  Illustration of the synthesis of poly-
carboxylated carbon nanotubes 
Figure 1.  FT-IR and Raman spectrum of poly-
carboxylated carbon nanotubes 
Scheme 2.  Schematic concept of a CNT-
coated transparent substrate 
Figure 2.  Optical image of a non-coated glass 
substrate (top) and a CNT-coated 
substrate (bottom) 
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visible light region, the transparency was 97% or more. This is 
close to that of the non-coated glass substrate. Yu et al. 
reported that their CNT coated substrate indicated an average 
transmittance of 86.5 % [11]. The result in this study is 
superior to their results. It suggests that we succeeded in 
preparing a transparent substrate with CNTs by chemical 
covalent bonding. In addition, the substrate indicated electrical 
conductivity in a preliminary measurement. Though a glass 
substrate has no conductivity, this result suggested that the 
binding of CNTs to the substrate resulted in a novel transparent 
electrode being developed based on the surface modification 
reaction by CNT-COOH.  
4. Conclusion 
In this study, we succeeded in poly-carboxylation of the surfaces of CNTs and tethering of CNTs to a glass 
substrate through covalent bonding. By carboxylation reaction using a peroxide derivative, many carboxyl 
groupswere presented on multi-walled carbon nanotubes (ca. 5 wt%). The CNTs obtained were directly bound to 
glass substrates through covalent bonding, and the tethered CNTs were not removed from the substrate by 
sonication, suggesting that a strong bond formed between the CNTs and the substrate. The transparency of 
substrates was more than 97% in visible regions. This result is superior to previous study. Surface modification 
caused the substrate to exhibit electro-conductivity. These results suggested that CNTs could be applied as 
conductive transparent materials. 
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